Through extraordinary advances in molecular genetics and related fields over the past 25 years, many of the genetic programs that operate during leaf development have been revealed. Leaf development starts with a genetic switch that distinguishes a leaf primordium from the shoot apical meristem (SAM). Next come genetic interactions that establish leaf complexity, polarity, size, and shape. Subsequent genetic programs control the differentiation of cells in the leaf into vascular tissues, guard cells, and trichomes. Most of our understanding of the molecular underpinnings of leaf development is based on studies in Arabidopsis thaliana, rice (Oryza sativa), and maize (Zea mays) and a few other model organisms, such as snapdragon (Antirrhinum majus), tomato (Solanum lycopersicum), and pea (Pisum sativum). Leaf growth can be considered the result of overlapping and interconnected phases. The first involves the initiation of a primordium, followed by a phase of cell division, then a transition phase that is followed by cell expansion and, ultimately, the generation of meristemoid cells throughout the leaf that will give rise to guard cells. Understanding the genetic basis for these processes and their coordination is a current challenge, and comparative genomic analyses have allowed the models developed based on angiosperms to be investigated in other plants as well, and this has helped to uncover the evolutionary origins of leaf developmental pathways. This article summarizes recent discoveries and our current understanding about how a leaf is formed.
DEVELOPMENTAL PROCESSES
Certain processes occur repeatedly in development, and these processes are beautifully illustrated when looking at leaf development. To become a leaf, cells have to acquire a new identity, as "leaf" rather than "meristem." Next, the leaf has to acquire polarity, for example, outer (abaxial) versus inner (adaxial) surfaces. Once the leaf primordium is established, its growth requires regulated patterns of cell division and cell expansion, and the differentiation of cells, for example, into veins and specialized epidermal cells, such as trichomes and guard cells.
Development involves positional information, which can involve the formation of a gradient as a signal moves away from a source. Examples of this are found in the movement of a signal from the meristem into a developing leaf and the signals emanating from differentiating trichomes and guard cells that suppress their neighbors from following the same developmental fate. Gradients of information can also derive from the action of microRNAs (miRNAs), which cleave and eliminate mRNAs; this occurs during the establishment of the leaf's adaxial and abaxial domains. Finally, positional information can be established through the regulated movement of a signal, such as the formation of auxin gradients through the asymmetric distribution of auxin transport proteins.
Development involves boundaries, so that adjacent tissues can acquire and maintain different developmental fates. Often boundaries form by a process of mutual inhibition. For example, a soft gradient can form a hard edge between two distinct domains if each domain represses the expression of genes that promote the identity of the other domain. Mutually inhibitory domains can be seen in the establishment of a leaf primordium from the SAM and between the adaxial and abaxial leaf domains.
Development involves regulatory switches, which are often transcription factors. Once a domain is established through positional information and boundaries, suites of genes are activated downstream of master regulatory transcription factors. These developmentally regulated genes activate genetic programs that lead to the appropriate developmental outcome, whether that involves the maintenance of the meristem's indeterminate state or the formation of a pair of guard cells.
Development involves regulatory networks that integrate multiple signals. Our older models of development were linear and described successive sequential events, such as "A causes B, which causes C." A more realistic description of development involves networks, in which many processes feed into each decision-making node, with the outcome dependent upon their integration. The context of a developmental program affects its outcome and that context includes many factors, such as light, sucrose, physical forces, and hormones. The use of high-throughput methods, modeling, and systems biology approaches are contributing to the progression from linear to networked models of development.
Genetic Control of Leaf Identity
Leaves are formed by the action of the SAM. The position at which a new leaf is destined to initiate is specified by a local accumulation of the hormone auxin, through the polar distribution of the PIN1 auxin transporter. (For more on this topic, see Teaching Tools in Plant Biology 2: Evolutionary and Developmental Origins of Leaves). In angiosperms, one of the early events in the formation of a leaf is the suppression of meristemspecific genes that contribute to meristem identity. The maintenance of an undifferentiated population of cells in the central region of the SAM requires the action of a family of transcription factors, called the class I KNOTTED-like homeobox (KNOX1) genes. In Arabidopsis, SHOOTMERISTEMLESS (STM) is a KNOX1 gene. An stm loss-of-function mutant fails to maintain a SAM. One of the functions of KNOX1 genes is to activate expression of cytokinin biosynthetic genes in the meristem. Cytokinins promote shoot meristem function and proliferation. The abnormal phenotype of the stm mutant can be partially rescued by exogenous application of cytokinin, demonstrating that cytokinins act downstream of KNOX1 genes.
KNOX1 gene expression is turned off in the incipient leaf primordium and is replaced by expression of the ASYMMETRIC LEAF1/ ROUGH SHEATH2/ PHANTASTICA (ARP) gene family, encoding MYB domain transcription factors. ARP genes promote determinate growth and differentiation programs in leaf primordia, while KNOX1 genes repress it. In addition, the two classes of genes mutually repress each other's expression. Like a loss-of-function mutation of the KNOX1 genes, a gain-of-function of ARP genes in the SAM leads to meristem arrest. Conversely, proper development of leaf primordia requires KNOX1 gene downregulation. Overexpression of KNOX1 genes or loss-offunction of ARP genes leads to a partially indeterminate state in the developing leaves and abnormal cell proliferation.
Some plants produce compound leaves. In many of these plants, the events that occur during the formation of compound leaf leaflets closely parallel those that occur during leaf initiation at the SAM. KNOX1 gene expression resumes in developing compound leaves, promoting a transient state of indeterminacy during which leaflets can initiate. Increased cytokinin synthesis in the leaf primordium is also necessary for leaflet initiation; elegant experiments in tomato have shown a close correlation between cytokinin level and leaf complexity. Like the specification of leaf primordium position at the SAM, leaflet position on a compound leaf is specified by a local auxin maximum as a result of the polar distribution of the PIN1 transporter. Thus, in some plants, the evolution of compound leaves involved the recruitment of genetic programs active in the SAM. However, compound leaves have evolved independently many times; they are thought to confer advantages in light harvesting or airflow in certain conditions. Not surprisingly, not all plants share the same developmental program for compound leaf formation. Notably, a different genetic program for compound leaf formation is employed by peas and their close relatives.
Genetic Control of Leaf Polarity
Leaves are normally asymmetrical, with different cell types on the upper (adaxial) and lower (abaxial) sides. (The adaxial side is the side that forms adjacent to the meristem.) Genetic studies have revealed a role for an as yet unidentified meristem-derived signal in generating this polarity, as well as a complex set of mutually antagonistic transcription factors that specify the adaxial and abaxial cell fates. The positional expression of some of these transcriptional regulators is mediated in part by the action of small regulatory miRNAs.
Once the position of the incipient leaf primordium has been specified, an increased rate of cell division in this region causes the primordium to begin to grow. If the primordium is surgically isolated from the meristem at this early stage, it can continue growing, but it produces a cylindrical, radially symmetrical organ, which lacks the usual flat blade. The radially symmetrical leaves that develop from isolated primordia are abaxialized; they do not express the adaxial cell determinants. These microsurgical experiments demonstrate that information from the SAM is essential for the establishment of adaxial cell fate and leaf polarity. The molecular nature of this signal, referred to as the Sussex signal after Ian Sussex who proposed it in the 1950s, is still unknown.
Further insights into the establishment of leaf polarity resulted from the discovery of the phantastica (phan) loss-of-function mutant of snapdragon. This mutant fails to synthesize PHAN, a MYB transcription factor, and produces radially symmetrical abaxialized leaves, similar to the surgically isolated primordia. In Arabidopsis, a similar function arises by the action of three functionally redundant genes, PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA (REV). These genes encode type-III homeodomain-leucine zipper (HD-ZIPIII) transcription factors and are expressed on the adaxial domain of the leaf.
KANADI (KAN) and YABBY gene families encode transcription factors that promote abaxial fate. These genes are expressed in the abaxial domain of leaf primordia. Loss-of-function of these gene functions can result in radially adaxialized leaves, and their overexpression promotes abaxial leaf fate. Thus, loss of function of leaf polarity, through loss of function of abaxial or adaxial promoting genes, is sufficient to cause a radial leaf that does not form a blade. Furthermore, genetic analysis of these plants revealed that the two classes of genes mutually repress each other: KAN expression in the abaxial domain prevents PHB/ PHV/REV gene expression and vice versa.
These studies have also revealed that small regulatory miRNAs are involved in specifying leaf polarity. The snapdragon gene PHB was first isolated as a dominant, gain-of-function mutation, phb-1d. In this mutant, PHB mRNA accumulation is extended to the entire leaf primordium instead of being restricted to the adaxial surface. Subsequently, it was determined that this dominant allele is a result of a mutation that interferes with miRNA binding. Other mutations that affect small RNA biosynthesis or function have been identified that affect leaf polarity. For example, loss-of-function mutants of ARGONAUTE1, which is required for miRNA function, have radial leaves and PHB expression throughout. These results indicate that miRNAs play essential roles in the establishment of leaf polarity.
Integrated within the network of adaxial-abaxial polarity genes is the function of the class of WUSCHEL-RELATED HOMEO-BOX (WOX) genes. These transcription factors are expressed in the middle leaf domain between the upper and lower domains and are repressed by abaxial KAN genes; in turn, they repress adaxial polarity genes. Interactions between WOX and polarity genes maintain the three layer leaf blade structure during leaf expansion.
Genetic Control of Leaf Size and Shape
Leaf primordia do not differ greatly in size and shape, but final leaf forms vary tremendously. The differences in leaf size and shape are largely a consequence of differential patterns of cell division and cell expansion. In long, thin grass leaves, cell division and expansion primarily occur with a unidirectional orientation. Similarly, gymnosperm needles and the leaves of Welwitschia mirabilis grow as a result of cell divisions from a basal meristem. In many leaves, the timing of cell division arrest differs at different positions within the primordium; often division arrests in a wave from tip to base. The total number of cells and ultimately leaf size and shape can be affected by manipulating the duration of cell division.
Three families of transcription factors are known to affect cell proliferation during leaf expansion. The TCP family is named for TEOSINTE BRANCHED1 from maize, CYCLOIDEA from snapdragon, and PROILIFERATING CELL FACTOR from rice. These genes encode plant-specific bHLH transcription factors that tend to suppress cell proliferation. The NAM/CUC3 family members are known as boundary genes because they repress cell proliferation at the boundary of organs or domains. The expression domains of members of both the TCP and NAM/CUC gene families are controlled in part by miRNAs. Furthermore, the GRAS transcription factors SHORT-ROOT and SCARECROW also regulate leaf growth by stimulating cell division and controlling when cells exit from the proliferation stage. Finally, hormones, including auxin and gibberellins, are involved in regulating patterns of cell division and expansion during leaf development.
Cell division and expansion are coordinated in ways that are not fully understood. For example, mutants that have fewer cells (through a defect in cell division) also have larger cells, so that this increased cell size compensates for the lower number of cells. The molecular basis for this compensation mechanism is not clear, but it is likely to have many independent components. How communication between cells in different layers of the leaf contributes to leaf development is also being investigated. Brassinosteroid (BR)-deficient plants are dwarf, with small leaves with fewer cells, but stimulation of BR synthesis or signaling only in the epidermal layer results in normal-sized leaves, showing that rescue of the epidermal cell layer alone is sufficient to restore normal growth.
After cell division stops, leaves grow by turgor-driven cell expansion, which is affected by cell wall rigidity. EXPANSIN proteins are associated with the cell wall and bring about cell wall loosening and extension. Overexpression or repression of expansin genes under their own promoters results in larger or smaller leaves, respectively.
Improved techniques for examining gene function and the completion of several genome sequencing projects in nonangiosperms are allowing scientists to investigate developmental pathways in these plants. Ongoing studies are revealing that some of the same genes are involved in leaf development in plants whose leaves evolved independently from angiosperms, although in some cases their precise function is not identical. For example, KNOX1 genes are not downregulated in leaf primordia in ferns. These kinds of comparative studies help us to understand the genetic resources available to the plant common ancestor and how these resources were modified over time to produce diverse plant forms.
Genetic Control of Cell Differentiation
Leaves consist of mesophyll cells, which carry out the photosynthetic reactions, vascular tissues that carry water and nutrients, and protective epidermal tissues, including specialized epidermal hairs (trichomes) and guard cells.
Genetic studies primarily in Arabidopsis have uncovered some of the developmental pathways that contribute the proper cell differentiation during leaf development. These include the activation of transcription factors and cell-specific genes and positional information conferred by auxin or direct cellto-cell communication.
Vascular Tissues
Vascular tissues are the conduits through which water and photosynthate move through the plant body. Leaves are extensively vascularized, so that the photosynthetic activities of the mesophyll cells are well supported with water from the xylem, and the photosynthate is readily moved into the phloem. Vascular tissue differentiation during leaf expansion follows a consistent developmental program, with cells of the preprocambium differentiating into procambium cells, which then differentiate into the cells of the xylem and phloem.
The plant hormone auxin plays an important role in specifying the pattern of vascular tissue formation, as it does in specifying the placement of leaf primordia. During leaf initiation, a local auxin maximum, formed by the polar placement of the PIN1 auxin efflux carrier, precedes primordium formation. Once the primordium is initiated, PIN1 redistributes, directing auxin flow inwards. The locally elevated auxin flow in the center of the leaf primordium causes these cells to differentiate into preprocambium cells and then into procambium cells. These processes can be monitored by expression of cell-specific genes. Preprocambium cells look like the cells that surround them (roughly cube-shaped) but initiate expression of the HD-ZIPIII transcription factor-encoding gene HB8. These cells subsequently elongate and divide to form long narrow cells and begin to express a procambium-specific marker, ET1335. From the procambium, xylem and phloem cells are produced, with the xylem forming on the adaxial side of the procambium and the phloem on the abaxial.
Following the specification of the midvein, the direction of auxin transport in the primordium epidermal layer changes, causing auxin maxima to form midway along the margins of the primordium. From these new auxin maxima, the flow of auxin again shifts to an inward direction, ultimately giving rise to the secondary veins. The auxin flow that generates primary and secondary veins is reinforced by the process of canalization, which is a feedback mechanism by which auxin transport through the tissues increases as a result of increased auxin levels in these tissues. The importance of auxin in vascular development is shown by the fact that many mutants in auxin signaling or perception have vascular defects.
Grass leaves have veins that are largely parallel, running along the long axis of the leaf. Cell divisions occur primarily in a zone at the base of the leaf, and cells enlarge and differentiate as they mature, resulting in a gradient of leaf and vein differentiation from tip to base. Mathematical and computer models have shown that parallel veins can be generated by a simple polar auxin transport mechanism. Interfering with auxin transport interferes with vein patterning, suggesting that vascular patterning in grasses is probably specified by auxin transport patterns.
Trichomes
Trichomes are shoot epidermal hairs. On leaves, trichomes can reduce transpirational water loss or form a reflective surface to reduce heat or UV light absorption. Trichomes on seeds can aid in their dispersal; cotton (Gossypium hirsutum) seed trichomes are the most important natural fiber for textile production. Glandular trichomes produce diverse compounds that contribute to defense against herbivory or pathogens. Many products of glandular trichomes are useful chemicals for humans too, including fragrances and flavors (e.g., lavender and mint), medicinal compounds (e.g., artemisinin, an antimalarial), and natural insecticides. Modifying gene expression levels in trichomes can increase production of these compounds, facilitating their purification or making the plants themselves more resistant to insects or pathogens.
In Arabidopsis, trichomes are dispensable, facilitating genetic screens for trichome abnormalities and the identification of many genes involved in trichome development and spacing patterns. Trichome development, which is regulated by endogenous genetic programs as well as external signals, can be considered as three stages: specification, expansion, and morphogenesis. After determination to become a trichome, cells switch from mitosis into the endoreduplication cycle, meaning that DNA duplicates in the absence of mitosis, leading to an increase in DNA content per cell. During trichome morphogenesis in Arabidopsis, four rounds of endoreduplication occur, to give a nuclear DNA content of 32C. Several genes involved in the regulation of entry into mitosis have thus been identified through the study of trichome development.
The mechanisms by which trichome spacing are controlled in Arabidopsis were identified through mutational analysis and the identification of plants with too few, too many, or abnormally clumped trichomes. In cells destined to produce trichomes, transcriptional complexes form and induce expression of GLABRA2, a homeodomain transcription factor that causes cells to differentiate into trichomes. Formation of these transcriptional complexes in adjoining, non-trichome-producing cells is inhibited by one or more trichome inhibitors that are produced in the trichome cell and move intercellularly to repress trichome formation in adjoining cells. In Arabidopsis, some trichome spacing mutations also affect spacing of epidermal root hairs, which use a similar patterning mechanism. However, it has become clear that most plants use other genetic pathways for trichome production and that the mechanism used by Arabidopsis is a recent innovation, derived from an anthocyanin biosynthetic pathway. Even within a single plant, different types of trichomes are produced via distinct pathways, indicating that trichomes are a diverse set of analogous but not homologous differentiated cell types.
Stomata
A stomatal pore is a hole in the leaf epidermis that is covered by a pair of guard cells that change size to open or close the pore. When the Arabidopsis leaf is ;200 mm in length, stomata begin to appear at the distal end, and stomatal maturation continues in a wave of differentiation from tip to base. Stomatal development is regulated by environmental parameters, cell intrinsic information, and signals emanating from nearby cells, including other guard cells or guard cell precursors and cells in the mesophyll.
Mature guard cells are formed through a regular pattern of cell divisions that differs in monocots and dicots. In monocots such as maize, guard cells form in cell files in between veins. The first step is an asymmetric division that produces a guard mother cell (GMC) that ultimately divides again to produce the two guard cells. However, the stomatal complex also includes a pair of subsidiary cells that are formed from cells adjacent to the guard mother cell. How these cells are induced to divide and differentiate is not fully known, but a recently identified mutant that interferes with this process, pangloss1 (pan1), encodes a putative receptor that could be involved in perceiving a signal from the GMC.
In dicots such as Arabidopsis, the first stage of guard cell development is also an asymmetric division occurring in a protodermal cell. The two daughter cells of the asymmetric division have different cell states; the larger retains its protodermal identity, while the smaller cell becomes a meristemoid mother cell (MMC). The MMC divides asymmetrically one or more times to produce a meristemoid. The meristemoid differentiates into a GMC, which divides symmetrically to produce a pair of guard cells precursors, which differentiate into guard cells.
BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) is a protein in
Arabidopsis that regulates asymmetric cell division of stomatal lineage cells. BASL is a plant-specific protein of unknown function that is expressed in the nucleus and also in a polar domain at the cell periphery where it marks the cell pole opposite to the next asymmetric division and can therefore be used as a marker to predict subsequent cell divisions. Another novel protein, POLAR, overlaps in expression with BASAL and acts downstream, but only loss of BASL function affects asymmetric division. Together, BASL, POLAR, and PAN1 represent an exciting step forward in understanding how cells divide asymmetrically.
Stomatal development in Arabidopsis is regulated by groups of positive or negative regulators. Mutational analysis in Arabidopsis has identified several bHLH transcription factors that are positive regulators of each step in guard cell differentiation. SPEECHLESS (SPCH) is required for asymmetric division of the protodermal cell into the MMC; as the name implies, mutant plants that do not produce SPCH do not produce stomata (they don't make "mouths," so they are "speechless"). The MUTE gene is required for the next step, which is the differentiation of the MMC into a GMC; loss of function of MUTE leads to the production of stomatal precursors but no stomata. The GMC divides once more and then differentiates into a pair of guard cells; these are separable processes, as shown by the phenotype of the fama mutant, in which the GMC divides repeatedly but the daughter cells do not differentiate, producing a row of parallel cells.
SPCH, MUTE, and FAMA orthologs have been isolated from many plants and are highly conserved across all land plants. Two bHLH Leu zipper proteins SCREAM and SCREAM2 physically interact with SPCH, MUTE, and FAMA and help to specify their function. The endogenous pathway involving SPCH, MUTE, and FAMA interacts with environmental signals such as light to regulate the production of stomata. In the dark, Arabidopsis plants do not produce stomata; expression of SPCH, MUTE, and FAMA is repressed by the COP1 protein, a repressor of photomorphogenesis. When plants are exposed to light, activation of cryptochrome (by blue light) and phytochrome (by red light) disrupts the COP1-mediated repression and allows stomata to develop. SCREAM also has a role as a transcriptional regulator of cold tolerance that might integrate environmental inputs and stomatal development.
Stomata normally form with one or more cells between them in Arabidopsis. This patterning is based on a system of cell signaling that involves a repression of guard cell differentiation. The current model suggests that one or more peptide signals are secreted by stomatal precursors, which are perceived by adjoining cells and serve to repress their differentiation via a mitogen-activated protein kinase signaling pathway. BR hormones inhibit stomatal development by inhibiting this mitogenactivated protein kinase pathway, which may be a target for other environmental inputs. Guard cell density is also affected by environmental conditions, with lower stomatal densities in conditions of low humidity or high concentrations of CO 2 . Environmental signals are perceived by mature leaves, which transduce information to the developing leaves via an unknown mechanism. The hic mutant affects environmental stomatal density responses. HIC is thought to contribute to the synthesis of the epicuticular wax that coats leaves and prevents gas and water exchange, but it's not yet known precisely how this gene contributes to stomatal patterning control.
CONCLUSIONS
The outgrowth of a leaf primordium from a tiny bulge of homogenous cells into a large, complex, and physiologically functional organ involves the sequential and coordinated activities of numerous regulatory genes and pathways. Transcriptional regulators that control cell determinacy, division, and differentiation across the leaf blade are themselves positionally regulated by auxin and miRNAs. Within the expanding leaf, vascular tissues form, while in the epidermis, trichomes and guard cells are formed through regular programs of differentiation and division; analysis of the patterning of these cells reveals a role for cell-to-cell communication as well as environmental factors.
A current focus is to either use systems biology approaches to investigate the gene regulatory networks that underlie leaf growth or to use computer modeling to simulate how changes in different factors modulate leaf form. Kinematic studies of cell size accompanied by cell-specific gene expression profiles can reveal what each cell is doing relative to its neighbors, and changing its environment through the application of exogenous factors or genetic tricks can reveal the relative importance of the information it is processing. Through these studies, it becomes clear that the developmental programs that enable plants to produce leaves are as sophisticated and complex as the amazing photosynthetic processes that occur within them. And because leaves are the primary photosynthetic organs of most plants, learning how to modulate the shape and growth rate and differentiation patterns of leaves can open the door to designing plants with greater rates of biomass production for food and bioenergy production. This is a representative list of sources to help the reader access a huge body of literature. We apologize in advance to those whose work is not included.
